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Abstract Adoptive cellular therapy (ACT) with the Th17 subset of CD4 + T cells can cure established melanoma in preclinical models and holds promise for treating human cancer. However, little is known about the growth factors necessary for optimal engraftment and anti-tumor activity of Th17 cells. Due to the central role of IL-2 receptor gamma chain (IL2Rγ-chain) cytokines (IL-2, IL-7, and IL-15) in the activity and persistence of many T cell subsets after adoptive transfer, we hypothesized that these cytokines are important for Th17 cells. We found that Th17 cells proliferated in response to IL-2, IL-7, and IL-15 in vitro. However, in contrast to many other T cell subsets, including conventionally activated CD8 + T cells, we found that Th17 cells were resistant to apoptosis in the absence of IL2Rγ-chain cytokines. To determine Electronic supplementary material The online version of this article (doi:10.1007/s00262-017-1965-3) contains supplementary material, which is available to authorized users.
Introduction
Adoptive T-cell therapy (ACT) has the potential to generate an effective anti-tumor response in select cancer patients who have failed the standard of care treatments [1, 2] . However, response rates are low [1] . Preclinical studies suggest that efficacy of ACT may be further improved through the use of polarized T cell subsets in place of the more traditional bulk unpolarized T cells. In particular, CD4 + T cells that are polarized to the Th17 subset by exposure to IL-6 and TGFβ during activation outperform unpolarized controls in murine anti-tumor adoptive transfer models [3, 4] . The mechanistic basis of Th17 cells' improved efficacy is not yet fully understood. Previous studies have suggested roles for increased replicative capacity [5] , pluripotency of cytokine production [6] , improved recruitment of host effector cells to tumor [4] , and direct killing of tumor cells by CD4 + cells [7, 8] . Following adoptive transfer, most donor Th17 cells undergo a transition from production of IL-17 to IFNγ [9] , which is critical for Th17-mediated anti-tumor immunity [5] . For most T cell populations, it is thought that lymphodepletion using cytotoxic chemotherapy or irradiation prior to adoptive transfer improves therapeutic efficacy. The benefit of lymphodepletion is thought to occur through several mechanisms, including increased IL2Rγ-chain cytokine availability [10] . However, the efficacy of this intervention in the context of adoptive transfer of Th17 cells has not been evaluated.
IL2Rγ-chain cytokines (IL-2, IL-7, and IL-15) are important for maintaining T-cell homeostasis and contribute to the persistence and functionality of adoptively transferred T cells [11, 12] . Binding of these cytokines to their receptors leads to proliferation, enhanced effector function, and decreased apoptosis by multiple T-cell subsets [12] [13] [14] [15] [16] [17] [18] . Recognition of the ability of IL-2 to support tumor-specific T cells and other lymphocyte populations has led to its use both as a single agent and concurrently with adoptive transfer in clinical protocols [1, 2] . Previous studies have shown that IL2Rγ-chain cytokines can impede Th17 polarization via STAT5 activation [19] but, in CD4 + memory cells, can induce IL-17 production via Akt-mediated suppression of the transcription factors FoxO1 and Klf2 [20] . One report has shown that human PBMCs initially enriched for Th17 cells through IL23R + positive selection were able to expand in the presence of IL-2, IL-7, or IL-15 with concurrent TCR stimulation [21] . While these reports suggest that IL2Rγ-chain cytokines may contribute to the anti-tumor efficacy of mature Th17 cells, such studies have yet to be conducted.
Given that IL-2, IL-7, and IL-15 play a critical role in the persistence and function of both CD4 + and CD8 + T-cell subsets [12, 13, 22, 23] , we sought to determine how these cytokines might be involved in Th17 cell activity both in vitro and in vivo. We now show that Th17 cells proliferate in response to IL2Rγ-chain cytokines in vitro and, in contrast to reports on many other T cell subsets, are resistant to IL2Rγ-chain cytokine withdrawal-induced apoptosis. We also show that IL-2 and IL-7 contribute to donor Th17 cell engraftment after adoptive transfer and the ability of Th17 cells to mediate anti-tumor immunity. In addition to their relevance for cancer immunotherapy, these new insights may contribute to our understanding of the role of IL2Rγ-chain cytokines in Th17-mediated autoimmune disease processes.
Materials and methods
Th17 in vitro polarization
TRP-1 mice, which express an MHC class II-restricted TCR specific for the melanocyte antigen tyrosinase-related peptide, on a RAG-1 knockout background, were used as a source of CD4 + T cells [3] . For activation, 1.5 × 10 6 TRP-1 cells were cultured in a 48 well flat-bottom tissue culture plate with 3 × 10 5 10 Gy irradiated B6 splenocytes along with peptide (TRP-1, SGHNCGTCRPGWRGAACN-QKILTVR, 1 uM, Genemed Synthesis). Pmel-1 TCR transgenic mice were used as a source of CD8 + T cells [24] . These were activated by hgp100 (KVPRNQDWL, 1 ug/ml, American peptide). B6 mice were used as a source of polyclonal T cells. These were activated by plate bound anti-CD3 mAb (145-2C11, 1 ug/ml, Bioxcell) and anti-CD28 mAb (37.51, 5 ug/ml, Bioxcell). For Th17/Tc17 polarization, the following polarizing cytokines were added prior to activation: human (h)TGFβ1 (30 ng/ml), hIL-6 (100 ng/ ml), hIL-1β (10 ng/ml), and hIL-21 (100 ng/ml) as well as blocking antibodies against IFNγ (XMG1.2, Bioxcell), IL-4 (11B.11, NCI Biorepository), and IL-2 (JES6-1A12, Bioxcell), all at 10 ug/ml. Polarizing cytokines were removed b a Fig. 5a , and 1/1 in supplementary Figs. 6a and 6b) utilized slightly different polarizing cytokines, including hTGFβ3 instead of hTGFβ1, 100 ng/ml mouse (m)IL-1β instead of 10 ng/ml hIL-1β, and mIL-21 instead of hIL-21. Cells polarized by these two methods performed similarly in all assays in which they were compared, including cytokine-induced signaling ( Fig. 1) , cytokine-induced proliferation (Fig. 1) , cytokine receptor expression (supplementary Fig. 2) , and engraftment in lymphodepleted vs non-lymphodepleted hosts (Fig. 3) . Unpolarized cells were activated in the same way as Tc17/Th17 cells but received no polarizing cytokines. Cells were supplemented daily with mIL-23 (20 ng/ ml, Th17/Tc17 only) and hIL-2 (50-100 IU/ml, all cells) beginning on day 3 of culture and were split as necessary to maintain growth. Cytokines were obtained from Shenandoah Biotechnology unless otherwise noted.
Flow cytometry
Flow cytometry was performed as previously described [25] . Antibodies used include CD8 (53-6.7), CD4 (RM4-5), IL7Rα (A7R34), CD45.1 (A20), and CD62L (MEL-14) from eBioscience; Vβ14 (14-2), IL2Rγ (4G3), STAT5 pY694 (47), MEK1/2 pS218/222 (024-836), and CD44 (IM7) from BD Biosciences; IL2Rα (PC61), IL2Rβ (5H4), CD45.2 (104), IFNγ (XMG1.2), IL-17 (TC11-18H10.1), and Bcl-2 (BCL/10C4) from Biolegend; Akt pS473 (D9E) and S6 pS240/244 (D68F8) from Cell Signaling Technologies; and biotinylated polyclonal IL15Rα (BAF551, R&D Systems), which was detected by secondary stain with streptavidin (eBioscience). Cytokine production was measured after 5 h incubation with PMA (100 ng/ml, Sigma), Ionomycin (1 uM, Sigma), and Golgistop (BD) unless otherwise noted. Analysis of pSTAT5, Akt, S6, and MEK phosphorylation followed the manufacturer's protocol using lyse/fix buffer and perm buffer III (BD). For analysis of apoptosis, cells were stained for 15 min with AnnexinV and Propidium Iodide according to manufacturer's instructions (BD). Flow cytometry was performed on a BD FACS Accuri. Data were analyzed using the FlowJo software.
Proliferation assays
Two different proliferation assays were performed; cells were washed prior to addition of IL2Rγ-chain cytokines in both assays. In the standard proliferation assay (Fig. 1c,  d , supplementary Figs. 3c, 3d, 4a, 4b, 4c), cells were exposed to 5-bromo-2′-deoxyuridine (BrdU; 10 mM, BD) for 2 h beginning 2 days after the addition of IL2Rγ-chain cytokines, then fixed and permeabilized according to the manufacturer's protocol for Cytofix/Cytoperm (BD), and stained with anti-Ki67 mAb (SolA15, eBioscience) and anti-BrdU mAb (Bu20a, Biolegend) as previously described [25] . For the simultaneous proliferation/cytokine production assay (Fig. 1e f) , cells were exposed to BrdU for 8 h beginning 1 day after the addition of IL2Rγ-chain cytokines. Cells were then washed and soluble anti-CD3 mAb (10 ug/ml) or vehicle was added, along with the protein transport inhibitor Golgistop (BD), for 5 h to stimulate cytokine production and intracellular accumulation. Cells were then fixed and stained for CD4, IL-17, Ki67, and BrdU.
Adoptive transfer experiments
B6 and CD45.1 recipient mice were purchased from the Jackson Laboratory and Charles River and were housed under specific pathogen-free conditions in accordance with institutional and federal guidelines. Th17 cells were adoptively transferred by tail vein injection. Where indicated, mice received 6 Gy total body irradiation 1 day prior to transfer. Cytokine depletion was performed by intraperitoneal injection of anti-IL-7 mAb (M25, Bioxcell, 200 ug), anti-IL-15mAb (M96, Amgen, 10 ug), or anti-IL-2 mAbs (S4B6 and JES6-1A12, Bioxcell, 100 ug each) on days 0, 2, 5, 8, 12, 16, 21, and 26 post-adoptive transfer [26, 27] . We confirmed the efficacy of IL-15 depletion by measuring recovery of NK cells after lymphodepletion (supplementary Non-Irradiated Irradiated received 6 Gy total body irradiation and, on the following day, adoptive transfer of 5 × 10 5 TRP-1 Th17 cells. Tumor surface area was measured three times per week by blinded personnel. We found during data analysis that injection site lesions smaller than 5 mm 2 at the time of treatment initiation frequently did not grow, even in the absence of treatment; therefore, we retrospectively excluded these from analysis. These exclusions did not result in significant intergroup differences in average tumor size at treatment initiation.
Statistics
T tests were conducted assuming equal or unequal variance based on a preceding F test. For tests between multiple groups of interest, ANOVA was utilized, unless otherwise noted, with appropriate multiple comparison corrections. Survival data are displayed using Kaplan-Meier curves and tested using log-rank tests. In Fig. 3b , persistence was normalized to the mean of the vehicle group for each experiment and multiple experiments were then pooled (four experiments for early blood and two experiments each for all other plots). Each cytokine depletion condition is compared to injection of vehicle alone by two-sample t tests within each group assuming equal or unequal variance based on the corresponding F tests (i.e., 4 t tests per group). For IL-2, IL-7, IL-15, and IL-2/7/15, respectively, the p values for early spleen are p = .003, 0.005, 0.1625, and 0.00; for late spleen, p = .94, 0.45, 0.0279, and 0.42; for early blood, p = .0009, 0.0208, 0.38, and 0.001; and for late blood, p = .02, 0.112, 0.13, and 0.09. Accounting for four comparisons made within each group, a Bonferroni significance level of 0.0125 can be used for statistical significance. As indicated in "Results", the number of mice lost between the early and late timepoints in each condition was: vehicle: 4/12 mice, IL2 depletion: 1/11 mice, IL7 depletion: 4/11 mice, IL15 depletion: 2/11 mice, and IL2/7/15 depletion: 1/11 mice.
Results
Th17 cells are responsive to IL2Rγ-chain cytokines in vitro
IL2Rγ-chain cytokines signal through the cell surface receptor IL2Rγ (CD132), also known as the common gamma chain, which is incorporated into a unique multimeric receptor for each member of the cytokine family [11] [12] [13] . These receptors are composed of IL2Rα (CD25) + IL2Rβ (CD122) + IL2Rγ for IL-2, IL7Rα (CD127) + IL2Rγ for IL-7, and IL15Rα + IL2Rβ + IL2Rγ for IL-15 [11] [12] [13] . We found that Th17 cells generated from TRP-1 TCR transgenic mice (supplementary Fig. 2a ) express all these IL2Rγ-chain cytokine receptor subunits (supplementary Fig. 2b, 2c) . Binding of IL2Rγ-chain cytokines to their receptors induces signaling through the JAK3/STAT5, Akt, and MAPK pathways [11] [12] [13] . To assess the activity of these pathways in Th17 cells, we measured phosphorylation of STAT5, Akt, S6, and MEK by flow cytometry after 1 or 18 h of in vitro IL-2 stimulation. We observed robust activation of STAT5 and Akt signaling in Th17 cells with cytokine treatment (Fig. 1a,  b) . In contrast, signaling through the Ras->Raf->MAPK pathway in Th17 cells was minimal. IL-15 also activated STAT5 and Akt signaling, but to a lesser degree than IL-2. We next assessed the functional consequences of IL2Rγ-chain cytokine signaling in Th17 cells, starting with proliferation, which is known to be induced in CD8 + T cells by IL2Rγ-chain cytokines [11] [12] [13] . We found that IL-2, IL-7, and IL-15 each induced proliferation of Th17 cells (Fig. 1c,  d ) and that this proliferation was dependent on STAT5, but not Akt signaling (supplementary Fig. 3) . Proliferation was less pronounced with IL-15 than with IL-2 and IL-7, which we confirmed using both human (Fig. 1d) and murine (supplementary Fig. 4a ) cytokines. We observed no difference in proliferation between the IL-17 positive and IL-17 negative populations (Fig. 1e, f) , confirming that the observed proliferation was by Th17 polarized cells.
While the conventional signaling functions of the IL2Rγ-chain cytokine receptors are mediated by IL2Rβ, IL2Rγ, and IL7Rα [12] , IL15Rα contributes by mediating trans-presentation and both IL2Rα and IL15Rα contribute by increasing the affinity and duration of interactions between IL2Rγ-chain cytokines and their receptors [11-13, 29, 30] . In assessing the importance of the IL2Rα and IL15Rα subunits in IL-2-and IL-15-mediated proliferation + mice with or without 6 Gy total body irradiation 1 day prior to adoptive transfer. Graphs show mean plus/minus standard error of 3-4 mice per group, representative of two independent experiments. ***p < .001 by two-tailed t test assuming equal variance. b IL2Rγ-chain cytokine depletion affects Th17 engraftment. Th17 persistence in the spleen and peripheral blood approximately 1 week (early) or 1 month (late) after adoptive transfer into a lymphodepleted host, with IL2Rγ-chain cytokines being depleted from day 0 to 26 post-adoptive transfer. *p < .05,** p < .01, *** p < .001 for each condition vs vehicle by two-tailed t test. c IL-17 and IFNγ production by Th17 cells before adoptive transfer and after recovery from host spleens (with no cytokine depletion) 1 month post-adoptive transfer. d Graphs show mean plus standard error of cytokine production by donor cells from five mice (Day 27 data), representative of two independent experiments. e Effects of IL2Rγ-chain cytokine depletion on donor Th17 IL-17 and IFNγ production. Mean plus standard error of 4-5 mice per group, representative of two independent experiments ◂ of Th17 cells, we found that monoclonal antibody (PC61) blockade of IL2Rα had minimal effect on IL-2-mediated proliferation (supplementary Fig. 4b) , with IL-2 still stimulating proliferation at significantly lower doses than IL-15. Similarly, polyclonal antibody blockade of IL15Rα caused little change in IL-15-mediated proliferation (supplementary Fig. 4c) . To address the possibility of deficient transpresentation of IL-15, we incubated Th17 cells with IL-15 that was pre-associated with soluble IL15Rα, which also did not restore IL-15 responsiveness to the same level as IL-2 (supplementary Fig. 4c ). Finally, we tested whether IL2Rα could maintain signaling after cytokine withdrawal in Th17 cells by monitoring STAT5 phosphorylation over time after exposure to IL-2 and subsequent wash. We found that STAT5 signaling was maintained through 6 h post-IL-2 withdrawal in an IL2Rα-dependent manner (supplementary Fig. 4d) . Interestingly, Th17 cells still showed less shortterm responsiveness to IL-15 (at 15 min), relative to Tc1 controls (supplementary Fig. 4e ).
Th17 cells do not require IL2Rγ-chain cytokines to prevent apoptosis in vitro
In addition to supporting Th17 engraftment by inducing proliferation, IL2Rγ-chain cytokines may protect donor cells from apoptosis. To measure this effect in vitro, we cultured Th17 cells with IL-2, IL-7, IL-15, or vehicle, and then quantified the apoptotic fraction (Fig. 2a, b, c) . We found that Th17 cells were resistant to apoptosis, even in the absence of added IL2Rγ-chain cytokines, while 2 ) (bottom). Survival data was pooled from two independent experiments with a total of 14-16 mice or 8-12 mice per group for all cause and tumor-specific mortality respectively, *p < .05, ** p < .01, *** p < .001 by log-rank test unpolarized (activated) CD8 + (pmel-1) cells underwent significant apoptosis when IL2Rγ-chain cytokines were not added. We next sought to determine whether this resistance to apoptosis was a specific feature of type 17 polarization or a general feature of TRP-1 CD4 + T cells. To do this, we subjected CD4 + (TRP-1) and CD8 + (pmel-1) T cells to activation with or without Th17 polarizing cytokines then repeated the above apoptosis assay on the four resulting cell populations. We found that neither of the CD4 + subsets showed significant apoptosis upon IL2Rγ-chain cytokine withdrawal. Type 17 polarization appeared to have a protective effect on CD8 + cells, as Tc17 cells underwent less apoptosis than unpolarized CD8 + cells. To investigate the possibility that Th17 cells were being protected from apoptosis through autocrine cytokine signaling, we repeated the assay with the addition of IL2Rγ-chain cytokine-blocking antibodies but still observed no increase in apoptosis (Fig. 2d, e) . Finally, in investigating the mechanism of Th17 cells' apoptotic resistance, we found that they express higher levels of the anti-apoptotic protein Bcl-2, than do unpolarized CD8 + cells (Fig. 2f ).
IL2Rγ-chain cytokines contribute to initial engraftment of Th17 cells
Next, we used an adoptive transfer model to investigate what support donor Th17 cells require from the host. We found that lymphodepletion by 6 Gy total body irradiation greatly increased the efficiency of donor Th17 cell engraftment (Fig. 3a, supplementary Fig. 5a ). To determine the role of IL2Rγ-chain cytokines in Th17 engraftment, we used monoclonal antibodies to deplete these cytokines from lymphodepleted hosts following adoptive transfer. We found that depletion of IL-7 and/or IL-2, but not IL-15, decreased the initial engraftment of donor Th17 cells (Fig. 3b) . Efficacy of IL-15 depletion was confirmed by measuring depletion of NK cells (supplementary Fig. 1 ). In control mice, the frequency of donor cells that were IL-17 + declined and the frequency of donor cells that were IFNγ + increased over the month following adoptive transfer (Fig. 3c, d ). Mice receiving IL-2 depletion had reduced frequency of IFNγ + cells among donor cells (Fig. 3e) , but the transition of donor cells to a central memory phenotype was not affected by depletion of IL-2, IL-7, or IL-15 (supplementary Figs. 5b, 5c). We confirmed Th17 cells' lack of requirement for IL-15 by assessing engraftment and persistence in IL15Rα knockout mice (supplementary Fig. 6 ), in which donor cells receive no IL-15 stimulation due to the inability of host cells to trans-present this cytokine [31] . In several of our adoptive transfer experiments, we observed unexpected toxicities during the second week after T-cell transfer, necessitating exclusion of some mice prior to analysis as outlined in the methods. To investigate the possibility that these toxicities were related to elevation of inflammatory cytokines caused by adoptively transferred Th17 cells [32, 33] , we measured the serum levels of several inflammatory cytokines in separate cohorts of mice with or without adoptive transfer of Th17 cells. Mice that received Th17 cells had elevated levels of several inflammatory cytokines, including IL-6 which was has been associated with cytokine-release syndrome in humans receiving CD19-reactive CAR-modified T cells [33] (supplementary Fig. 7 ).
IL2Rγ-chain cytokines contribute to efficacy of Th17 adoptive transfer
To determine whether the observed dependence of Th17 engraftment on IL2Rγ-chain cytokine availability impacts Th17-mediated tumor control, we performed adoptive transfer of Th17 cells with or without cytokine depletion into mice-bearing established B16 melanomas. We used a dose of Th17 cells which caused a significant delay of tumor growth but was not curative (Fig. 4a, b) , creating a therapeutic window which could potentially be affected by cytokine availability. Simultaneous depletion of IL-2 and IL-7 negated the benefit of Th17 adoptive transfer, while depletion of IL-15 had no significant effect. These results were consistent with those in our engraftment experiments in that only those cytokines which contributed to engraftment (IL-2 and IL-7 but not IL-15) were needed for optimal anti-tumor efficacy of donor Th17 cells.
IL2Rγ-chain cytokine supplementation improves Th17 anti-tumor efficacy
The responsiveness of Th17 cells to IL2Rγ-chain cytokines demonstrated thus far raised the possibility that cytokine supplementation could improve their ability to control tumor. To test this, we performed adoptive transfer of Th17 cells with or without administration of IL-2/anti-IL-2 monoclonal antibody (IL-2/mAb) complexes (clone 5355), which have improved half-life and biological activity relative to free cytokine [28] . We found that IL-2/mAb complex supplementation significantly improved shortterm Th17 engraftment in lymphodepleted hosts (Fig. 5a,  b) . IL-2/mAb complex supplementation decreased the frequency of donor cells that were IL-17 + (Fig. 5c ) and decreased expression of CD62L on donor cells (Fig. 5d) , indicating a possible shift from central memory to effector memory phenotype [34] as a result of IL-2/mAb complex supplementation. In a separate experiment, use of a different IL-2/mAb complex (clone 5344.111) that preferentially expands IL2Rα hi cells (IL-2/mAb CD25 ) allowed Th17 cells to engraft at detectable levels in lymphoreplete hosts (supplementary Fig. 8 undetectable. Finally, to determine whether the increased engraftment observed in Fig. 5a and b would translate to improved tumor control, we adoptively transferred Th17 cells into lymphodepleted, tumor bearing mice with or without IL-2/mAb complex (clone 5355) supplementation. We found that IL-2/mAb complexes significantly improved the ability of Th17 cells to control tumor growth (Fig. 5e,  f) .
Discussion
Adoptive cellular therapy with Th17 cells represents a promising new strategy for cancer patients not benefiting from current treatments. Appreciation of the integral role played by IL2Rγ-chain cytokines both in normal T-cell biology and as adjuvants to adoptive cellular therapy led us to investigate their potential roles in cellular therapy with Th17 cells. We sought to determine whether Th17 cells are responsive to IL2Rγ-chain cytokines and whether these cytokines contribute to the ability of Th17 cells to control tumor in an adoptive transfer model. We found significant proliferative responses by Th17 cells to IL2Rγ-chain cytokines in vitro, which correlated with induction of STAT5 and Akt signaling by these cytokines. Surprisingly, we found that Th17 cells are highly resistant to IL2Rγ-chain cytokine withdrawal-induced apoptosis, a finding which distinguishes them from the effector CD8 + T cells commonly used for adoptive cellular therapy. Finally, we found that host lymphodepletion significantly improved engraftment of Th17 cells and that IL2Rγ-chain cytokines contributed to engraftment and were required for Th17-mediated tumor control.
We found that Th17 cells express all of the IL2Rγ-chain cytokine receptor subunits and that they proliferate in response to these cytokines in vitro. Interestingly, a 100-fold higher dose of IL-15 was required to induce proliferation relative to IL-2 or IL-7, regardless of IL2Rα or IL15Rα subunit availability. IL2Rγ-chain cytokine-induced proliferation was not dependent on Akt signaling, as proliferation was not decreased by the PI3K/mTOR inhibitor PI-103, in contrast to prior studies with this inhibitor in naïve CD8 + T cells [35] . The similarity in IL2Rγ-chain cytokine-induced in vitro proliferation between IL-17 positive and negative subsets may indicate that Th17 polarization confers neither an advantage nor a disadvantage for proliferation or that all the cells tested were polarized, even though they did not all produce IL-17 in our assay.
IL2Rγ-chain cytokines down-regulate the intrinsic apoptosis pathway by driving expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL [36] . Previous studies of apoptosis in various populations of T cells, including activated CD4 + cells [14] , resting CD4 + cells [15, 16] , activated CD8 + cells [17] , resting CD8 + cells [15] , and Tc1 polarized CD8 + cells [18] , have shown that these cells undergo apoptosis in the absence of IL2Rγ-chain cytokines. While Th17 cells are resistant to activation-induced cell death [5, 37, 38] , cytokine withdrawal-induced apoptosis in this subset has not been examined. We found that Th17 cells were resistant to apoptosis in vitro in the absence of added IL2Rγ-chain cytokines. We validated this finding through the parallel use of apoptosis-sensitive activated CD8 + cells in the same assay. In seeking to determine the relative contributions of CD4 lineage and type 17 polarization to this resistant phenotype, we found that unpolarized CD4 + cells were significantly more resistant than unpolarized CD8 + cells. Because these results reflect a comparison between two distinct TCR transgenic T cell populations, it will be important to further investigate the role played by variations in TCR signaling during activation in resistance to cytokine withdrawal-induced apoptosis. Type 17 polarization also appears to play a role in apoptotic resistance, as Tc17 cells were more resistant than unpolarized CD8 + cells. Further experiments with CD4 + subsets polarized from other TCR transgenic mouse strains could help to clarify the relative contributions of TCR specificity, CD4 lineage, and type 17 polarization to the apoptosis-resistant phenotype that we observed. Importantly, the addition of IL2Rγ-chain cytokine-blocking antibodies did not reverse this resistance, suggesting that autocrine cytokine signaling is not responsible for this effect. Resistance of Th17 cells to activation-induced cell death is mediated by elevated expression of c-FLIP, which acts on the extrinsic apoptosis 2 ) (bottom), survival data was pooled from two independent experiments with a total of 13-16 mice or 5-8 mice per group for all cause and tumorspecific mortality, respectively, *p < .05, ** p < .01, ***p < .001 by log-rank test ◂ pathway [37, 38] . However, since cytokine withdrawalinduced apoptosis involves the intrinsic apoptosis pathway [39] , the resistance we observed is more likely due to elevated expression by Th17 cells of proteins that inhibit this pathway, such as Bcl-xl [37] and Bcl-2 [5] . As Bcl-2 expression is driven by Akt signaling [40] , our finding that cytokine-mediated proliferation of Th17 cells is Akt-independent, in contrast to CD8 + cells [26] , is consistent with our finding that Th17 cells constitutively overexpress Bcl-2, potentially contributing to their apoptotic resistance.
Because persistence of donor T cells after adoptive transfer can be important for anti-tumor efficacy [41, 42] , we were particularly interested in the effects of IL2Rγ-chain cytokines on Th17 engraftment and persistence. In accordance with reports on other subsets, including Tc17 cells [43] , we found that host lymphodepletion substantially increases Th17 cell engraftment, which led us to conduct our cytokine depletion experiments in lymphodepleted hosts. We found small but significant contributions of IL-2 and IL-7, but not IL-15, to the initial engraftment of Th17 cells in lymphodepleted hosts. This is notable, since it contrasts with the cytokine requirements of conventionally activated CD8 + cells, which are more similar to the T cells currently being used in adoptive transfer clinical trials. Specifically, IL-7, but not IL-2 or IL-15, contributes to the initial engraftment of Tc1 CD8 + T cells [26] and homeostatic proliferation of memory CD8 + T cells after adoptive transfer requires the presence of either IL-7 or IL-15 [44] . Overall, we found that Th17 engraftment was less dependent on IL2Rγ-chain cytokine availability than previous observations with other subsets. This may be because Th17 cells are intrinsically resistant to apoptosis in the absence of IL2Rγ-chain cytokines, which would be consistent with our in vitro apoptosis data. Alternatively, Th17 cells may lose resistance to apoptosis under in vivo conditions but then receive compensatory anti-apoptotic signals through the TCR or costimulatory receptors in the absence of cytokines [45] .
Unlike IL-2 and IL-7, depletion of IL-15 had no significant effect on Th17 engraftment in our model. This may be a result of Th17 cells not localizing to areas, where IL-15 is abundant, or it may be because Th17 cells proliferate less in response to IL-15 than to IL-2 or IL-7 in vivo, which would be consistent with our in vitro data. While this comparative unresponsiveness to IL-15 represents a contrast to effector CD8 + T cells, further investigation will be needed to determine whether Th17 cells are unique among CD4 + subsets in this respect. The degree to which memory CD4 + cells require IL-15 in vivo seems to depend on whether or not the host is lymphodepleted and on whether the cells being studied are of the naturally occurring memory phenotype or an antigen-specific population [44, 46, 47] . Recent studies have shown that engraftment by naive CD4 + cells is enhanced in IL-15 knockout hosts [48] . Studies have also shown that deprivation of IL-15 may affect CD4 + cells indirectly through other populations [49] . Thus, our finding that the absence of IL-15 has no effect on Th17 engraftment in a lymphodepleted host represents a contrast with other populations of CD4 + T cells. Previous reports have shown that IL-17-producing NKT cells [50] and γδ T cells [51] do not depend on IL-15, indicating that type 17 polarization may contribute to IL-15 independence, consistent with our results.
In contrast to IL-7 and IL-15, we did not expect IL-2 to be important for engraftment in a lymphodepleted host, as IL-2-producing host lymphocytes should be removed by lymphodepletion. Our finding that IL-2 contributes to Th17 engraftment may indicate that donor Th17 cells are aiding their own engraftment, either directly or indirectly, through IL-2 production [5] . While the fact that we did not observe elevated serum levels of IL-2 following adoptive transfer of Th17 cells makes this possibility less likely, donor cell-produced IL-2 might only be detectable in specific lymphoid tissues. Since engraftment of NK cells in a host receiving 5 Gy irradiation can depend on host production of IL-2 [52] , we also cannot completely rule out host IL-2 production in our model. In addition to assessing the requirements of Th17 cells for endogenous cytokines, we also demonstrated that provision of exogenous IL-2 could drive Th17 cell persistence and anti-tumor immunity. IL-2 supplementation also appeared to modify the phenotype of donor Th17 cells, which may have contributed to the improved anti-tumor immunity we observed. These findings suggest that cytokine supplementation could increase the therapeutic benefit of adoptively transferred Th17 cells.
Carl June and colleagues have found that anti-tumor efficacy of CD19-reactive CAR T cells can be accompanied by cytokine-release syndrome which can be reversed with IL-6-targeted therapies [33] . As the toxicities we observed in mice that received Th17 cells were consistent with cytokine-release syndrome and were associated with elevated serum levels of several inflammatory cytokines, including IL-6, our model may be useful for differentiating the role of inflammatory cytokines in efficacy vs toxicity of Th17 therapy. While our findings support the further development of Th17 cells as a human cancer therapy, previously noted differences between human and murine Th17 cells in terms of extracellular phenotype and cytokines required for polarization [53] necessitate further studies of the effects of IL2Rγ-chain cytokines on human T cell populations.
The ability of Th17 cells to not undergo apoptosis in the absence of IL2Rγ-chain cytokines may represent an advantage of Th17 cells over conventionally activated CD8 + T cells used in adoptive cellular therapy. Further defining the extrinsic and intrinsic factors differentially driving cytokine dependence will be useful in developing more efficacious T cell-based therapies.
